Abstract Superconductor-ferromagnet thermoelectric detector (SFTED) is a novel ultrasensitive radiation detector based on the giant thermoelectric effect in superconductor-ferromagnet tunnel junctions. This type of detector can be operated without the need of additional bias lines, and is predicted to provide a performance rivaling transition-edge sensors and kinetic inductance detectors. Here we report our numerical studies on the SFTED noise equivalent power, energy resolution and time constant, and the feasibility of a SQUID readout in both bolometric and calorimetric regimes, with the goal to provide practical design parameters for the detector fabrication and the readout circuitry implementation.
Introduction
Superconductor-ferromagnet thermoelectric detector (SFTED) is a novel low-temperature radiation detector 1,2 based on the recent discovery of the giant thermoelectric effect in superconducting-ferromagnet hybrids 3, 4 . In contrast to other commonly used ultrasensitive detectors such as the transition-edge sensor (TES) 5 , the kinetic inductance detector (KID) 6 or the superconducting tunnel junction (STJ) 7 requiring probing signals for the detection, SFTED directly utilizes the measurable electrical signal transduced from the radiation absorption without bias power, and therefore fundamentally cuts down the heat dissipation and wiring complexity for large sensor arrays. This feature can be extremely attractive for modern bolometer and calorimeter applications, in which large sensor arrays are preferred 5, 8 .
Here, we discuss the SFTED in both bolometric and calorimetric regimes. Numerical results of the detector performance, i.e. noise equivalent power (NEP), thermal time constant (τ th ), and energy resolution (∆ E), will be presented with realistic design parameters. We also explore the feasibility of using a dc Superconducting QUantum Interference Device (SQUID) for the readout. Using a SQUID has the added benefit that several well-developed multiplexing schemes for large arrays already exist 5,9,10 .
Bolometer study
In bolometric applications, NEP is often quoted as a benchmark for detector performance, which is defined as the input radiation power in 1 Hz bandwidth required by the detector to generate a signal equal to its noise. For a SFTED, the heat balance equation is
where C h is heat capacity, P in is absorbed power, α is the thermoelectric Seebeck coefficient 3 , V th is the thermoelectric voltage, and G tot th = G th + G e−ph is the total thermal conductance, consisting of the thermal conductance through the tunnel barrier G th and the electronphonon coupling G e−ph . Based on Eq. (1) and the fluctuation-dissipation theorem 2 , the detector will exhibit the typical Johnson noise and thermodynamic fluctuation noise (TFN), and in addition, a cross-correlation term between the junction current and heat current fluctuations, due to the strong thermoelectric response. The low-frequency NEP for SFTED can then be derived as:
where ZT is the thermoelectric figure of merit 2 . As one can see, a ZT value larger than one would mean an improvement over a standard bolometer. Numerical calculations of the NEP ( Fig. 1(a) ) and the corresponding ZT ( Fig. 1(b) ) for different junction sizes in a range 1 -400 µm 2 are presented as a function of operation temperature in Fig. 1 . Two different tunnel barrier materials, EuS and AlO x have also been compared in these plots. , and dotted lines are those with AlO x barriers and ferromagnetic electrodes (P = 0.3). In these plots, the superconducting electrode was assumed to be absorber and the material was Al with a volume of V = 2 µm 3 , a broadening parameter of Γ = 10 −4 ∆ , and an exchange field of h = 0.3∆ . The specific junction resistivities used were 1 kΩ µm 2 (AlO x ) and 10 MΩ µm 2 (EuS). These calculations follow reference 1 , and take into account the modification of the superconductor energy gap and density of states due to the exchange field 11 .
EuS is a ferromagnetic insulator, and has been considered as a promising tunnel barrier material for SFTED in bolometric applications 2 . When contacted with a superconductor, it induces a spin-splitting exchange field (h). At the same time, EuS can also function as a spinfilter between the superconductor and a normal metal electrode, to generate thermoelectric signals with a large polarization factor (P) exceeding 0.9 12 . As shown in Fig. 1 , junctions with EuS barriers can have ZT larger than unity, and are predicted to have a NEP in < 100 zW / √ Hz range with τ th = 0.1 ∼ 40 ms (not shown), improving over many previously reported detectors 13, 14, 15 for microwave and far-infrared applications.
However, due to the high tunneling resistance of a ferromagnetic EuS barrier (10 k ∼ 10 MΩ for the junction sizes considered here), a current sensing scheme based on a SQUID can be very hard to achieve. For a two stage SQUID readout with a low current noise ∼ 100 f A/ √ Hz, the corresponding amplifier NEP is above 10 aW and would thus dominate over the noise of the detector. To be matched with an SFTED, an on-chip large winding-ratio superconducting flux transformer with a gain > 500 would be required.
Calorimeter study
For calorimetric applications, the energy resolution ∆ E (rms) is a figure of merit. By applying optimal filtering 16 and assuming an infinite bandwidth amplifier, the energy resolution of SFTED can be obtained as 1 :
where NEP tot is the total low-frequency NEP contributed by both the detector and the amplifier, and τ tot e f f is the effective thermal time constant 1 . Calorimeters are routinely used for higher energy photon detection. To absorb the incident photon with high efficiency, an absorber structure with a larger volume compared to a bolometer is required. For SFTED at a low temperature, the heat transported through tunneling can be much larger than through electron-phonon coupling (G th G e−ph ). This fundamentally relaxes the requirement of a dedicated thermal isolation platform 5 such as a membrane, therefore easing the fabrication process. However, this also limits the use of EuS as tunnel barrier for SFTED, since its lower specific transparency 18 will significantly increase the time constant and the amount of heat leaked through electron-phonon coupling. Detectors with AlO x barriers, on the other hand, can provide a very promising performance for calorimetric applications due to much higher transparency 19 .
A numerical calculation of energy resolution (main plots) and thermal time constant (insets) for SFTEDs with two different absorber volumes is presented in Fig. 2 . In these plots, the tunnel barrier was AlO x and the absorber material was assumed to be Al for simplicity, and the volumes roughly correspond to X-ray detection.
The detector energy resolution (solid lines in Fig. 2 ) is proportional to the square root of the absorber volume, and decreases with decreasing temperature. However, the latter dependency becomes weaker at T < 150 mK, and a saturation-like resolution floor appears. This saturation is caused by the sub-gap leakage current of the tunnel junction, described by a broadening parameter 20 Γ (see Fig. 3(a) ). We adopted a typical value for Al 21 Γ = 10 −4 ∆ in our calculations shown in Fig. 2 , but it has been lowered to 10 −7 ∆ with a multistage shielding 22 , which would improve the ultimate resolution further. Fig. 2 . In these plots, the junction barrier was assumed to be AlO x with an area of 10 4 µm 2 .
The low temperature energy resolution limits are also very sensitive to the applied exchange field h, as shown in Fig. 3(b) . A dramatic change in how the resolution depends on h appears around 0.1 ∼ 0.2 K, and therefore, for each operation temperature of SFTED, a different optimal exchange field exists.
Looking back at the energy resolution results that include readout noise in Fig. 2 , we see that a SQUID readout with 20 f A/ √ Hz current noise matches perfectly with an SFTED (dotted lines). A SQUID with a superconducting flux transformer can in practice achieve a noise level of < 60 f A/ √ Hz with an optimized design 23 (dash-dot), and in that case SFTED will not be limited by readout noise at T > 150 mK. An energy resolution less than 1 eV with an absorber volume of 4 × 10 3 µm 3 is thus predicted below 0.2 K. However, using a large flux transformer will introduce an electrical resonance into system and reduces the electrical bandwidth due to its large input inductance and parasitic capacitance. Fig. 4 shows the frequency dependent NEP and responsivity of a SFTED, read out by a flux-transformer-coupled SQUID with an input inductance of 2 µH and a total capacitance of 0.5 nF. It shows that detector bandwidth will be limited by the readout for small absorber volumes, while with the larger absorber, the roll-off of the thermal time constant dominates. 
Conclusions
We have demonstrated that the novel superconductor-ferromagnet thermoelectric detector (SFTED) is a device that has promising characteristics operated both as a bolometer and as a calorimeter. As a bolometer, SFTED with EuS as the tunnel barrier is competitive with the current state-of-the-art detector technologies. However, a current readout with a SQUID can be hard to achieve due to the high impedance of the EuS detector junction even with the highest ratio superconducting flux transformers. Other amplification techniques probing the voltage signal may thus be more suitable.
On the other hand, SFTED shows a promise as a calorimeter both in terms of energy resolution and detector bandwidth (speed), if used with an AlO x tunnel barrier. A SQUID readout with a moderate flux-transformer-coupled input is feasible for this type of detector, without sacrificing much of the bandwidth. Combined with other beneficial features such as bias free and self-isolated by electron-phonon coupling, SFTED can be both attractive and practical for calorimetric applications that require large sensor arrays.
